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The second law of thermodynamics is one of the main principles of physics. Within equilibrium thermodynamics there exist two equivalent formulations of this law. The first, referred to as the Clausius inequality, states that the sum of the entropy change of the system ∆S and the entropy exchanged with the environment ∆S env during the transition between two equilibrium states is nonnegative: ∆S + ∆S env ≥ 0. The exchanged entropy can be further expressed as ∆S env = −Q/T , where Q is the heat delivered to the system. An alternative formulation, referred to as the free energy inequality, states that during the transition between two equilibrium states W − ∆F ≥ 0, where W is the work performed on the system and F = E − T S is the free energy (here E denotes the internal energy). The latter formulation can be obtained from the former by using the first law of thermodynamics ∆E = W + Q.
Whereas these standard definitions of the second law apply when considering transitions between equilibrium states, the last few decades have brought significant progress towards generalizing them to both classical [1] [2] [3] [4] [5] [6] [7] and quantum [8] [9] [10] systems far from equilibrium. The most common formulation generalizes the Clausius inequality by stating that the average entropy production σ is nonnegative. For a large class of systems [4] [5] [6] 9 ] the entropy production can be defined as σ ≡ ∆S − α Q α β α , where ∆S is the change of the Shannon or the von Neumann entropy of the system (which is well defined also out of equilibrium) and Q α is the heat delivered to the system from the reservoir α with the inverse temperature β α ; additionally, in Markovian systems the entropy production rateσ is always nonnegative [7, 10] . Formulations generalizing the free energy inequality [11] [12] [13] [14] are much less common and have been so far confined mainly to systems coupled to an environment with a homogeneous temperature; for an exception, see Ref. [14] .
These developments have also brought a deeper understanding of the relation between thermodynamics and the information theory [12, 15] . One of the most important achievements is related to the field of thermodynamics of feedback-controlled systems [16] . Following the groundbreaking ideas of Maxwell demon [17] and Szilard engine [18] , it was verified both theoretically [19] [20] [21] [22] [23] and experimentally [24] [25] [26] [27] [28] [29] that by employing feedback one can reduce entropy of the system without exchanging heat. In such a case modified Clausius inequalities, which relate the entropy change to the information flow, have to be applied [11] [12] [13] [14] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . It was also realized that the feedback control does not require the presence of any intelligent being (as in the original idea of Maxwell), but may be performed by an autonomous stochastic system coupled to the controlled one [43] . A consistent mathematical description of thermodynamics of autonomous information flow has been, however, so far confined mainly to classical stochastic systems with a special topology of network of jump processes, referred to as bipartite [38, 39] or, in general, multipartite [41] systems.
Our work adds two new contributions to the field. First, we generalize the free energy inequality to Markovian open quantum systems coupled to reservoirs with different temperatures and show that this formulation of the second law is in general not equivalent to the Clausius inequality. Secondly, we formulate a consistent thermodynamic formalism describing thermodynamics of continuous information flow in a generic composite open quantum system and demonstrate the relation between the information and the nonequilibrium free energy. The applicability of our results is demonstrated on a quantum autonomous Maxwell demon based on quantum dots.
Nonequilibrium Clausius inequality. We consider a generic open quantum system weakly coupled to N equilibrated reservoirs α with temperatures T α (inverse temperatures β α ≡ 1/T α ) and chemical potentials µ α , described by the time-independent Hamiltonian of the system, reservoirs and interaction of the system with the reservoirs. Within the Markov approximation the (reduced) density matrix of the system evolves according to the master equation [44] 
where ρ is the density matrix, d t denotes the total derivative of the function,Ĥ eff is the effective Hamiltonian of the system (it may differ fromĤ S due to coupling to the environment [44] ), and D is the superoperator describing the dissipative dynamics. Here and from here on we take = k B = 1. We further assume that the dissipator D is of Lindblad form, thus ensuring a completely-positive trace-preserving dynamics [45, 46] , and thatĤ eff commutes withĤ S , which is justified by the perturbation theory (cf., the Supplementary Material [47] ). Furthermore, within the Markov approximation the dissipation is additive, i.e., the superoperator D can be represented as a sum of dissipators associated with each reservoir, denoted as [10, 48] . For violation of additivity beyond the weak coupling regime, see Refs. [49] [50] [51] [52] .
We also assume, that the grand canonical equilibrium state (Gibbs state) with respect to the reservoir α
is a stationary state of D α , i.e., D α ρ α eq = 0 [10] ; here Z βα,µα = Tr{exp[−β α (Ĥ S −µ αN )]} is the partition function andN is the particle number operator. This assumption guarantees that for an arbitrary form of dissipator the Gibbs state is a stationary state at equilibrium (i.e., for equal temperatures and chemical potentials of the reservoirs), which is true for systems weakly coupled to the environment [44] . Let us then apply the Spohn's inequality [8] 
which is valid for any superoperator D α of Lindblad form with a steady state ρ α eq (not necessarily a unique steady state). As a result, one obtains the partial Clausius inequality for entropy production associated with each dissipator [10] 
is the rate of change of the von Neumann entropy of the system S = −Tr(ρ ln ρ) due to the dissipator D α anḋ
is the heat current from the reservoir α. Summing all the ratesṠ α one gets the total derivative of the von Neumann entropy: d t S = αṠ α . Therefore, summing up Eq. (5) over the reservoirs α one recovers the standard Clausius inequality [10] 
whereσ is the total entropy production rate. We note that the ratesṠ α can be non-zero also at the steady state, when d t S = 0 and the total entropy production is fully determined by the heat flows.
Nonequilibrium free energy inequality. Let us now define energy and work currents to the lead α aṡ
such thatĖ α =Q α +Ẇ α and αĖ α = d t E, where E = Tr(ρĤ S ) is the internal energy. Since we assume the Hamiltonian to be time independent, we consider only chemical and not mechanical work. Multiplying Eq. (5) by T α and replacingQ α →Ė α −Ẇ α one gets
whereḞ α ≡Ė α − T αṠ α is the partial nonequilibrium free energy rate. Summing over α one obtains the nonequilibrium free energy inequality
whereẆ ≡ αẆ α is the total work rate anḋ
is the total nonequilibrium free energy rate. Equation (12) is a complementary formulation of the second law of thermodynamics. From a practical point of view, it provides an upper bound for the maximum work output. At the steady state d t E = 0 and thus the system can perform work (Ẇ < 0) only when a temperature difference between the reservoirs is present. Let us emphasize, that Eqs. (8) and (12) are in general not equivalent; the former corresponds to the sum of partial Clausius inequalities [Eq. (5)], whereas the latter to the weighted sum, in which Eq. (5) is multiplied by a local temperature T α . They become equivalent only when the system is attached to an isothermal environment, i.e., T α = T . Then the rateḞ can be identified as the total derivative of the state function F :
At the steady state d t F = 0 and thusẆ > 0. This corresponds to the Kelvin-Planck statement of the second law, according to which one cannot continuously generate work by cooling an isothermal environment.
Local Clausius inequality. Let us now consider a system made of two coupled subsystems described by the HamiltonianĤ
whereĤ i is the Hamiltonian of the subsystem i = 1, 2 andĤ 12 is the interaction Hamiltonian. We also assume that each subsystem is attached to a separate set of reservoirs; baths coupled with the subsystem i will be then denoted as α i . By summing Eq. (5) over the reservoirs α i one obtainṡ
Hereσ i = αiσ αi denotes the local entropy production; it is an extensive quantity, i.e.,σ =σ 1 +σ 2 . We will now transform Eq. (15) to a form illustrating the relation between entropy and information. Let us remind that the quantum mutual information is defined as 
Here we have applied the identity αṠ α = d t S. The rateİ i can be calculated aṡ
where 
This inequality is identical in form to the one previously derived in Ref. [39] . However, our result is much more general. First, it enables to describe systems undergoing a quantum dynamics formulated in terms of a density matrix, whereas the former approach was purely classical and formulated in terms of probabilities. Second, our result has a much wider range of applicability even in the classical limit. Indeed, the approach from Ref. [39] was restricted to so-called "bipartite" systems, which exclude stochastic transitions generating a simultaneous change of states of both subsystems. However, two-component open quantum systems are in general not bipartite even when their populations obey a classical master equation. Instead, our only requirement is that the dissipation is additive, i.e., one can split the dissipator D into contributions D i in a physically meaningful way. The system can become bipartite when the total HamiltonianĤ S commutes with the subsystem HamiltonianĤ i and one applies the effectively classical description by means of the secular (rotating wave) approximation; in such a case our approach reduces to that from Ref. [39] . We discuss these issues is detail in the Supplementary Material [47] . Let us finally emphasize, that all the previous discussion can be easily generalized to the multicomponent systems consisting of M subsystems. Then iİ i = d t I 1,...,M , where I 1,...,M = i S i − S is the multipartite mutual information [54] .
Local free energy inequality. Analogously, summing up Eq. (11) over reservoirs α i we derive an inequality describing the nonequilibrium free energy balance for a single subsystem:
As in the case of the total system, Eqs. (18) and (19) are nonequivalent and complementary formulations of the local second law of thermodynamics. They become equivalent when the subsystem i is coupled to an isothermal environment with a single temperature T i . Then T iİi = −T i αiṠ αi and thereforė
The local nonequilibrium free energy rate consists therefore of the energy-related and the information-related contribution. At the steady state the internal energy of the system is constant (d t E = 0) and thus E i can be interpreted as the energy flow to the subsystem j = i. The subsystem attached to an isothermal environment may therefore perform work either due to the energy flow from the other subsystem or due to the information flow; the latter case corresponds to the operation of informationpowered devices.
Example. The applicability of our approach will now be demonstrated on a recently proposed [55] model of autonomous quantum Maxwell demon. Here we describe the device only briefly; for more details we refer to the original paper.
The analyzed setup [ Fig. 1 (a) ] is composed of two quantum dots coupled by the XY exchange interaction, each attached to two electrodes with equal temperatures T . The Hamiltonian of the system is defined aŝ where
is the creation (annihilation) operator of an electron with spin σ ∈ {↑, ↓} in the dot i ∈ {1, 2}, To describe the dynamics of the device we apply a microscopically derived Lindblad equation which couples populations to coherences and is thermodynamically consistent in the weak coupling limit (it is equivalent to the phenomenological approach proposed in Ref. [59] ). Details of the method, discussion of its limits of validity and comparison with the secular Lindblad equation (which is by construction thermodynamically consistent but neglects genuine quantum coherent effects) are presented in the Supplementary Material [47] .
The device works as follows: The baths are taken to be fully spin polarized, i.e., either Γ ↑ αi or Γ ↓ αi is equal to 0. As a result, the electrodes act as spin filters which forbid the tunneling of electrons with a spin opposite to the polarization [56, 57] . Additionally, the polarizations of reservoirs attached to a single dot are arranged in an anti-parallel way, such that the electron may be transferred between the electrodes only when it changes its spin. This is enabled by the XY interaction which exchanges spins between the dots [ Fig. 1 (b) ]. Since this interaction conserves the total spin, the spin flips occur simultaneously in both subsystems and thus the steadystate currents through both dots have to be equal. Let us 
now apply a high positive bias V 1 = µ L1 − µ R1 > 0 to the first dot, and a smaller opposite bias V 2 = µ L2 − µ R2 < 0 (|V 2 | < |V 1 |) to the other one. Then, the voltage-driven current through the first dot will pump electrons in the second dot against the bias, which is due to a nonequilibrium spin population induced by spin flips. This can be interpreted as the operation of a Maxwell demon: The high positive voltage in the first dot tends to reset the upper dot to the state ↑ (i.e., the singly occupied state with a spin up). As a result, the spin dynamics generated by the XY interaction (equivalent to the operation of the quantum iSWAP gate [58] ) flips the spin in the second dot if it is in the state ↓, whereas leaves it unchanged when it is in the state ↑ [cf. Fig. 1 (b) ], thus creating an excess populations of spins ↑. This feedback mechanism induces the information flow between the dots, thus enabling a conversion of heat into work.
Our local Clausius and free energy inequalities [Eqs. (18) , (19) ] for this system are demonstrated in Fig. 2 . As one can see, for J 500Γ the dot 2 cools its isothermal environment, which is enabled by the information flow (Tİ 2 < −Q 2 < 0); at the same time it performs work (i.e, pumps the current against the voltage), which is possible due to the negative free energy rate (Ḟ 2 <Ẇ 2 < 0). This is compensated by the dissipation of work into heat in the first dot. We emphasize that for J 50Γ the work is performed in the second dot only due to feedback-induced information flow (Ḟ 2 ≈ Tİ 2 ) and not due to energy flow, which is negligible (E 2 ≈ 0); this justifies the interpretation of the device as a Maxwell demon. As shown in the Supplementary Material [47] , in this regime the information flow is generated by the unitary spin dynamics rather than the dissipative tunneling dynamics, in contrast to the classical Maxwell demon studied in Ref. [43] . On the other hand, for J 50Γ one can observe a noticeable energy flow from the first to the second dot which results from the splitting of energy levels. As a consequence, for J 500Γ the dot 2 starts to heat its environment (−Q 2 > 0) and the setup ceases to work as a Maxwell demon. However, the dot 2 still performs work thanks to the negativity of the nonequilibrium free energy rateḞ 2 , which now includes a significant energy-related contributionĖ 2 .
Conclusions. Our inequality (12) , by providing a complement to the second law, may have novel implications for the design of quantum heat engines [60] which need to be explored. In turn, our inequalities (18) and (19) provide the basis for thermodynamics of quantum information processing. We hope that, as happened with the classical counterpart of Eq. (18), numerous applications and experiments [25] will also ensure it in the quantum realm. This appendix contains in the following order:
• In the main text it was assumed that one can describe the dynamics of the system by the Lindblad equation providing the Gibbs state at equilibrium. However, a most common approach to the dynamics of open quantum systems, namely, the perturbatively derived Redfield equation, is not of Lindblad form and thus does not guarantee the complete positivity of the dynamics [2] . Furthermore, it does not provide an exact Gibbs state, and thus may be inconsistent with the second law of thermodynamics [3] .
The non-completely positive dynamics arises due to the presence of terms in the Redfield equation coupling the state populations to the coherences between the nondegenerates eigenstates of the system (referred to as the non-secular terms). The usual way to ensure the complete positivity is to apply the secular approximation which neglects such terms. In such a way one obtains a thermodynamically consistent master equation of Lindblad form [2] . However, as a result one may miss some * krzysztof.ptaszynski@ifmpan.poznan.pl genuine quantum coherent effects, such as a finite timescale of coherent oscillations between states of the system [4, 5] .
To deal with such a problem, Refs. [4] and [5] proposed, on purely phenomenological grounds, a Lindblad equation including the non-secular terms. Here we provide a rigorous theoretical justification of such an approach by deriving a corresponding Lindblad equation directly from the Redfield equation. This is done by applying a set of approximations which modifies the form of non-secular terms instead of canceling them. We will first describe a general framework; the derivation of the master equation for the autonomous Maxwell demon analyzed in the main text is presented in the next section.
Following Ref.
[2], we express a generic form of the interaction Hamiltonian aŝ
where A α and B α are the operators acting in the Hilbert space of the system and the reservoirs, respectively. After applying the Born-Markov approximation, dynamics of the density matrix of the system in the interaction picture is given by the Redfield equation [2] 
Here
are the operators describing jumps between eigenstates |k and |l of the HamiltonianĤ S differing by the energy gap ω = E l − E k . The coefficients
are the one sided Fourier transforms of the bath correlation functions. Here Tr B denotes the partial trace over degrees of freedom of the reservoirs, ρ B is the density matrix of the bath and
are the interaction picture operators of the environment.
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The Redfield equation can be rewritten in the Schrödinger picture as
One can also express the Fourier transform of the bath correlation functions as a sum of their real and imaginary part
with coefficients γ αβ (ω) being positive and S αβ (ω) forming a real symmetric matrix [2] . Within the secular approximation one assumes that a typical time of intrinsic evolution of the system is much smaller then the relaxation time of the system τ R : |ω − ω | τ R the non-secular terms of the Redfield equation corresponding to ω = ω does not influence much the dynamics of the populations, such that they may be kept into the master equation; moreover, their exact form is not very important and thus may be modified without much consequences. We also assume that the functions C αβ (ω) are smooth, i.e., C αβ (ω) ≈ C αβ (ω ) for |ω − ω | −1 ≈ τ R . One may then replace
where
One can now perform the following replacement in Eq. (S6):
Changing indexes α ↔ β and ω ↔ ω in the second sum in Eq. (S6) one obtains
where the last part of the equation defines the dissipator D. Herê
is the Lamb shift Hamiltonian commuting withĤ S . The commutation property can be verified by taking into account the explicit form of operators A α and expressinĝ H LS aŝ
The commutator can be then expressed as
Since each pair E k , E l will appear two times and E l − E k = −(E k − E l ) the terms will cancel each other, and thus [Ĥ S ,Ĥ LS ] = 0. Equation (S14) is of the first standard form, and thus ensures the completely-positive trace-preserving dynamics [2] . Since the matrix γ αβ (ω, ω ) is positive, the equation can be brought to the Lindblad form by diagonalizing the matrix γ αβ (ω, ω ). We will demonstrate this in the next subsection for a particular case.
Lindblad equation for the Maxwell demon
Following the general discussion from the previous subsection, let us now derive the Lindblad equation for the autonomous Maxwell demon considered in the main text. Let us first note, that in Eq. (S1) it was assumed that the interaction Hamiltonian can be expressed as a tensor product of operators acting on the Hilbert spaces of the system and the bath; this requires that the operators A α and B α commute. On the other hand, in the considered system creation and annihilation operators included in the interaction Hamiltonian
follow the fermionic anticommutation relations. However, this problem can be solved by employing the Jordan-Wigner transformation [6, 7] . Let us first replace each set of quantum numbers iσ or α i kσ with a single quantum number: iσ → κ, α i kσ → λ, with κ ∈ {1, K} and λ ∈ {1, L}. Annihilation operators can be then represented by tensor products of Pauli matrices
where σ − = (σ z − iσ y )/2 is the lowering operator and products Π are defined as tensor products
Creation operators are defined by replacing the lowering operator σ − with the raising operator σ
One can verify, that the operators defined in such a way follow the fermionic anicommutation relations.
Let us now introduce the modified operators 
where we have used the properties (σ z ) 2 = I and σ z σ ± = −σ ± .
The interaction Hamiltonian can be therefore rewritten asĤ
A αiσ− =d iσ , (S27)
In the considered system, the reduced density matrix of the bath can be written as
are the Hamiltonian and the particle number operator of the reservoir α i , respectively, and
One may then verify that the Fourier transform of the bath correlation function defined by Eq. (S4) vanishes for α = β. In the continuous limit, one may also replace trace in the definition of the bath correlation functions by an integral. As a result, the Redfield equation in the Schrödinger picture [Eq. (S6)] can be expressed as
are the jump operators, and the Fourier transforms of the bath correlations functions read as
is the tunneling rate and
is the principal part of the Cauchy integral of the tunneling rate describing the level renormalization [6, 8, 9] ; here Ψ denotes the digamma function.
Following the approach presented in the previous section, one obtains the non-secular Lindblad equation
where the dissipator D i is defined as
with γ αiσ± (ω, ω ) = γ αiσ± (ω)γ αiσ± (ω ), and the Lamb shift Hamiltonian readŝ
The secular master equation is obtained if one further takes γ αiσ± (ω, ω ) = 0 in Eq. (S40) and
The dissipator D i can be rewritten directly in the Lindblad form
with the Lindblad operators defined as Explicitly, the Lindblad operators read as
and ω kl = E k − E l . As this form clearly illustrates, the operators describe the jumps between different superposition of eigenstates of the system with probability amplitudes of related to the tunneling rates. We note, that the same form of the Lindblad operators may be obtained by using the phenomenological approach proposed in Ref. [5] .
Relaxation to equilibrium
The thermodynamic formalism described in the main text was based on the assumption, that the Gibbs state is a stationary state at equilibrium, i.e., for β α = β, µ α = µ. This is ensured by the Redfield equation within the secular approximation [2] . Unfortunately, this is not by construction guaranteed by the newly derived nonsecular Lindblad equation (the similar observation has been already made for a phenomenological approach from Ref. [5] ). However, the steady state converges to the Gibbs state when the coupling to the bath is weak. We verify this numerically on the example of the autonomous quantum Maxwel demon. In particular, we calculate the convergence to the Gibbs state characterized by the fidelity defined as [10] 
where ρ st denotes the stationary state of the master equation and the density matrix of the Gibbs state is defined as
with Z β,µ = Tr{exp[−β(Ĥ S − µN )]} being the partition function. The fidelity takes values within the interval [0, 1] with F = 1 indicating the perfect convergence of the density matrices [10] . As shown in Fig. S1 the fidelity converges to 1 in the weak coupling regime with the divergence from the Gibbs state scaling as 1 − F ∝ (Γ/T ) 2 for Γ T . As one can also observe, deviation from the Gibbs state is not a result of approximations made when deriving Lindblad equation from the Redfield equation, but is rather inherent to the perturbative nature of the Redfield equation itself.
Comparison with the secular approximation
The thermodynamic consistency is by construction provided by the Redfield equation within the secular approximation. However, except from the case when the eigenstates are fully degenerate (analyzed in Ref. [11] ), the secular approximation decouples the populations from the coherences and thus neglects the genuine quantum coherent effects. This is demonstrated in Fig. S2 . As shown, the secular master equation agrees with both the Redfield equation and the non-secular Lindblad equation for J Γ. In this regime the assumption that the characteristic time of the intrinsic evolution of the system is much smaller than the relaxation time is valid. On the other hand, the secular approximation diverges from the other approaches when the ratio J/Γ is relatively small. In particular, it predicts non-vanishing particle and heat currents for J → 0, when the quantum dots become decoupled, which is clearly a non-physical result. This is a consequence of the fact that the secular approximation neglects the finite timescale of the coherent oscillations between the spin states. With this qualification, as demonstrated in Fig. S3 the secular master equation can also describe the operation of the system as an autonomous Maxwell demon (cf. Fig. 2 in the main text) .
Non-bipartite structure of the secular master equation
We emphasize, that in the system we consider the secular approximation generates a classical rate equation describing the dynamics of eigenstate population, which, however, does not possess a bipartite structure as defined in Ref. [1] . The term "bipartite dynamics" refer here to the situation when there are no transition generating the simultaneous change of states of both subsystems. As a result, the information flow cannot be analyzed within the approach proposed in Ref. [1] and can only be described by our method. This clearly demonstrates the wider range of applicability of our approach even when the dynamics is effectively classical. In the system we consider, the non-bipartite structure of the dynamics results from the fact that the total HamiltonianĤ S [Eq. (21) In the previous section we have shown that our approach can be applied to systems with a non-bipartite dynamics, for which the method proposed in Ref. [1] is not applicable. Here, on the other hand, we demonstrate that when the dynamics is bipartite both approaches becomes equivalent; this can take place when the Hamiltonians of both subsystems commute with the total Hamiltonian. Therefore, our method can be seen as a direct generalization of the one proposed in Ref. [1] .
Let us consider a two-component open quantum system consisting of subsystems X and Y , with dynamics described by an effectively classical secular master equation. Furthermore, let us also assume that the Hamiltonian of the total system
commutes with the Hamiltonians of the subsystemsĤ X andĤ Y . Then the eigenstates of the HamiltonianĤ S are products of the eigenstates of the Hamiltonians of subsystems: |i = |x |y , where |i is an eigenstate of the total system whereas |x (|y ) is an eigenstate of the subsystem X (Y ). The state of the system can be expressed by the diagonal density matrix
where p(x, y) is the probability of the state |x |y . The reduced density matrix of the subsystems X and Y will analogously read as
are the probabilities of the states |x and |y , respectively. The dynamics of the state probabilities generated by the dissipator D is given by the rate equation (Eq. (1) from Ref. 
An analogous equation can be written for the subsystem Y . Following Eq. (17) from the main text, the information rate associated with the subsystem X can be calculated aṡ
= − and used the definition of the conditional probability p(y|x) = p(y, x)/p(x). The result is equivalent to Eq. (10) from Ref. [1] . Upon putting on the obtaineḋ I X into Eq. (18) from the main text one obtains Eq. (11) from Ref. [1] . This demonstrates the equivalence of both approaches for systems with the bipartite dynamics.
The unitary and the dissipative contribution to the information flow
As briefly mentioned in the main text, the information flowİ i can be decomposed into two separate contributions associated with the unitary and the dissipative evolution of the system. In order to calculate them, let us first define the unitary and the dissipative contributions to the total derivative of the reduced density matrix ρ i : .We emphasize that the separation into the unitary and the dissipative contribution is unambiguous, i.e., does not depend on the choice of the basis, which follows from the invariance of the trace under the change of basis [10] .
Results for the autonomous Maxwell demon are presented in Fig. S4 . As one can see, in nearly whole range of J the information flow is dominated by the unitary contribution associated with the coherent oscillations between the spin states. For small J the dissipative contribution in both subsystems is negative. This is because the dissipative dynamics of both dots is effectively uncorrelated, and the uncorrelated dynamics can only decrease the mutual information (this is referred to as the data processing inequality [12] ). Dissipation becomes correlated only for high J ≈ 500. In this regime, unitary and dissipative contributions to the flowİ i have opposite signs, i.e., the dissipative dynamics suppress the information flow resulting from the coherent oscillations. Due to this fact, for high J the system ceases to work as a Maxwell demon.
Interestingly, the unitary contribution to the information flow dominates even in the regime in which the secular approximation, which decouples populations and coherences, converges to non-secular approaches when it comes to the total information flow. However, by means of the secular master equation one cannot distinguish between different contributions to the information flow. This is another illustration of the fact that, although the secular approximation can describe the operation of the system as an autonomous Maxwell demon, it cannot fully account for its quantum coherent nature.
